A Bacillus subtilis disruption mutant with a mutation in sigI (formerly ykoZ) shows a temperature-sensitive growth on agar plates. The transcription of the sigI gene is heat shock induced in rich medium but not in minimal medium. Proteome studies revealed a reduced amount of GsiB protein in the sigI mutant under heat shock conditions.
A Bacillus subtilis disruption mutant with a mutation in sigI (formerly ykoZ) shows a temperature-sensitive growth on agar plates. The transcription of the sigI gene is heat shock induced in rich medium but not in minimal medium. Proteome studies revealed a reduced amount of GsiB protein in the sigI mutant under heat shock conditions.
The soil bacterium Bacillus subtilis has to adapt to a huge variety of environmental conditions like high-salt conditions, nutrition starvation, and cold and heat stress. During the last few years, much progress has been made in unraveling the heat shock response of B. subtilis. The heat shock genes can be classified into several groups according to their regulation: class I is controlled by HrcA binding to CIRCE (15, 26, 27) , class II is controlled by the alternative sigma factor B (1, 7, 8, 18, 24, 25) , and class III is controlled by CtsR, the negative regulator of clpP, clpE, and the clpC operon I (3, 12) . There are other heat shock genes like htpG (22) and ykdA (17) , which do not belong to classes I to III. In Escherichia coli two alternative sigma factors ( 32 and E ) are involved in heat shock regulation and show a complex type of interplay (16, 19, 21) . Under heat stress conditions there is a need for additional capacity of chaperones and proteases, due to the heat denaturation of proteins. In B. subtilis the nature of heat-inducible regulation of the DnaK and GroE chaperone machines, as well as the ClpCP proteases, is already known (3, 15) . However, the details of the regulation of several heat shock genes like clpX (U. Gerth, personal communication), htpG (S. Versteeg, personal communication), and ykdA, coding for a HtrA-like protease (17) , are still unclear. Therefore, additional regulators seem to be involved in the regulation of the heat shock stimulon in B. subtilis.
Several new sigma factors have been described in the genome sequence of B. subtilis (9) (10) (11) 13) . For our understanding of the global regulatory network (the "regulome"), analysis of sigma factor mutants is very promising. If the conditions under which a sigma factor is active are known, a comparison between the behavior of wild-type and mutant strains under those conditions will lead to the detection of genes which are controlled by that specific sigma factor, using global methods like two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) or DNA array technologies. In this type of analysis, we initially looked for conditions under which the transcription of ykoZ coding for a sigma factor with unknown function is induced, even if an induced transcription does not necessarily mean that the sigma factor is also active under these conditions.
A sigI mutant cannot grow at high temperature. BFA 251, a sigI mutant was constructed by Mathieu Simon and Patrick Stragier. Briefly, a PCR was performed using chromosomal DNA of B. subtilis 168 and a primer pair; this resulted in an amplicon consisting of sigI internal bases 1411388 to 1411627 according to the BSUB genome annotation (SubtiList database) and BamHI (HindIII) cleavable ends. The PCR product was purified and digested with BamHI and HindIII and ligated into the vector pMUTIN (23) , which was also digested with BamHI and HindIII, resulting in plasmid pDG1773. B. subtilis 168 was transformed with pDG1773 and selected for Erm r on Luria-Bertani LB plates containing 0.3 g of erythromycin per ml to favor single integration events. Colonies were subsequently transferred to LB plates containing 150 g of erythromycin per ml to select for true integrants. The correct integration was then checked by PCR.
During the systematic function analysis project, we made the initial observation that strain BFA 251 (sigI::pMUTIN4) did not grow at very high temperatures (55°C) after replica plating on LB plates. Also, the strain did not form colonies at 54°C on SMM plates ( To be sure that the temperature-sensitive (TS) phenotype is indeed linked to the ykoZ::pMUTIN4 insertion and does not result from putative second-site mutations, we transformed chromosomal DNA from BFA 251 into B. subtilis 168 and checked the transformants for growth on LB plates at 55°C. All the 16 tested clones showed the TS phenotype. The survival rate of that mutant was determined by using serial dilutions after plating and incubation at 55°C for 18 h. As described in Table 1 , the survival rate of the sigI mutant was about 1,000-fold reduced compared to that of the wild type. Nevertheless, some colonies grew on plates at high temperature. Several clones were streaked out and cultivated at 55°C, and some of these clones showed wild-type-like growth at high temperature. These clones were considered to be TS suppressors.
Transcription of sigI is heat shock induced in rich medium. To study the transcriptional profile of sigI, a digoxigenin-labeled riboprobe of sigI was created by using the primers Ykoz7F1 (CTAATCGACTCACTATAGGGAGCACCCGTA ATGATAA) and Ykoz7R1 (AAACCAGTGCTTAGCTTTT) in a PCR. The amplicon was purified with the QIAquick gel extraction kit (Qiagen) after the right sized fragment was cut out of an agarose gel. For the digoxigenin labeling reaction, the T7 transcription kit from Roche and primer Ykoz7F1 were used as specified in the manufacturer's protocol. This riboprobe was used for slot blot hybridization against total RNA prepared from B. subtilis cells grown in LB medium under different stress and starvation conditions as described earlier (12) . The sigI gene was clearly induced under heat shock conditions, leading to the idea that it is an additional heat shockspecific sigma factor. Total RNA was prepared from cells grown in minimal medium and in rich medium before and after the heat shock and was used for additional slot blot experiments probed with the sigI riboprobe. As presented in Fig. 1 , sigI is induced by heat shock only in rich medium (DSM [6] or LB medium), not in minimal medium (SMM). As expected, the sigI mutant BFA 251 did not show any signal, due to the pMutin insertion. No CIRCE sequence, CtsR binding site, or SigB-dependent promoter could be detected within the upstream region of sigI. Therefore, the sigI gene should be classified into group IV of the B. subtilis heat shock genes.
To characterize the heat induction kinetics, additional slot blot experiments with RNA prepared after different time points (3, 6, 9, 30 , and 60 min [data not shown]) were used for quantification. As calculated from several experiments, the maximal induction rate was about 15-fold 3 to 6 minutes after heat shock and declined to about 4-fold after 60 min. Like other heat shock genes, sigI is also transiently induced.
To define putative transcriptional start sites, a primer extension experiment was performed as described elsewhere (12), using YkozPE1 (TGCAGATCTTTATTGCCTTTTTG) as the primer and RNA prepared from B. subtilis 168 before and 5 min after a heat shock from 37 to 52°C. Two putative transcriptional start sites (S1 and S2) were detected, as shown in Fig. 2 . The intensity of the signal of S1 remained unchanged before and after the heat shock, and the putative promoter resembles a weak A -dependent recognition sequence (Fig.  2B) . After the heat shock an additional signal of a putative transcriptional start site was visible (S2). The deduced recognition sequence does not have homology to any known promoter sequences (5, 9-11). Consistent with the observations mentioned in this paper, the sigI gene could be autoregulated, and this sequence could resemble a I -dependent promoter. The sigI mutant shows a reduced level of GsiB under heat shock conditions. If SigI is active under heat shock conditions, 2-D PAGE analyses of [
35 S]methionine-pulse-labeled protein extracts of wild-type and sigI mutant strains after heat shock should lead to detection of the proteins which were controlled by SigI and which could be responsible for the TS phenotype. Protein extract preparation, 2-D PAGE conditions, and gel staining were performed as described previously (12) . To obtain an efficient uptake and incorporation of the labeled methionine in pulse-labeling experiments, cells have to be grown in minimal medium. Ironically, we found a heat shock induction of the sigI gene only during growth in rich medium, which could not be used for pulse-labeling experiments with [
35 S]methionine. Comparisons of gels derived from minimal medium extracts showed no relevant changes between wild-type and sigI mutant strains. In addition, 2-D PAGE was performed with cultures grown in DSM to an optical density at 540 nm of 0.5 with subsequent transfer from 37 to 50°C for 15 or 30 min. Compared to the pulse-labeling experiments, which visualize changes in the protein synthesis rate, these gels show the accumulated amount of proteins. As a consequence, a putative SigI dependence will not be seen as clearly as in pulse-labeling experiments. Figure 3 presents a comparison of a part of the silver-stained protein pattern of wild-type and BFA 251 strains. Only the GsiB protein spot showed a significant size reduction in the mutant in all repeated experiments, whereas the other sigBdependent proteins showed the same heat-inducible pattern as in the wild type. Similar results were obtained with Coomassie blue-stained gels (data not shown).
It was suggested that GsiB is exclusively transcribed by SigB (14) . In contrast to the sigI mutant BFA 251, sigB null mutants can grow at high temperature; in these mutants transcription of gsiB does not occur and GsiB protein is not visible in 2-D PAGE under conditions where GsiB is expressed in the B. subtilis wild-type strain. This may indicate that GsiB is not essential for survival at high temperature. Therefore it is more likely that another factor controlling the amount of GsiB (e.g., FIG . 1. Concentration of sigI/ykoZ mRNA in B. subtilis 168 and BFA 251 grown in LB medium and SMM. A slot blot analysis of total RNA, which was isolated before (0 min) and 3, 6, and 9 min after a heat shock from 37 to 50°C (or 52°C, as indicated) is shown. The amount of total RNA used was 5, 2.5, or 1.3 g as indicated. a protease) is the reason for the observed size reduction of the GsiB spot and the TS phenotype in the sigI mutant.
To clarify whether gsiB is transcribed in a SigI-dependent manner, we used a gsiB probe to hybridize a similar slot blot to that presented in Fig. 1 . A similar heat shock induction pattern was observed in the wild-type and sigI mutant strains (data not shown). This also argues against a SigI-dependent transcription of gsiB.
The limitations of the 2-D PAGE system will be overcome by using the DNA array technology as tool for monitoring global gene regulation (2, 4, 20) . Experiments are in progress to define the SigI-dependent regulon by hybridizing commercially available genomic DNA arrays on nylon filters with radiolabeled cDNA, which was prepared from the wild type and from the sigI mutant under heat shock conditions. Comparison of these images should reveal directly or indirectly sigI-controlled genes, which could be responsible for the TS phenotype of the sigI mutant strain BFA251. (1) , and the GsiB spot-containing sections of the gels are presented. For generating the images, 80-g portions of protein extracts were fractionated by 2-D PAGE and the gels were stained with silver (12) .
Function Analysis of the Bacillus subtilis genes (BIO4-CT95-0278). As part of this project, the mutant BFA 251 was constructed and verified by Mathieu Simon and Patrick Stragier.
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